The occurrence of intra-abdominal hypertension (IAH), as well as its promoting factors in cardiac surgery, has been poorly explored. The aim of the present study was to characterize intra-abdominal pressure (IAP) variations in patients undergoing cardiac surgical procedures, and to identify the risk factors for IAH in this setting.
INTRODUCTION
Intra-abdominal pressure (IAP) is the steady-state pressure concealed within the abdominal cavity. In physiological conditions, IAP ranges from subatmospheric to 0 mmHg. A prolonged pathological elevation of IAP ≥12 mmHg, defined as intra-abdominal hypertension (IAH) [1] , could lead to the dysfunction and failure of virtually all body organ systems [1, 2] . This value derives from the deleterious effects on renal, cardiac and gastrointestinal functions witnessed at IAP levels between 10 and 15 mmHg [3] [4] [5] [6] [7] . Over the past decade, IAH has been increasingly recognized as a cause of morbidity and mortality in critically ill patients [1, 2] , being associated with severe organ dysfunction when already present on ICU admission, and being an independent outcome predictor when developed during ICU stay [4] . Whereas early studies on this topic regarded mainly abdominal surgical and trauma patients [8] [9] [10] , recently the focus has moved to other categories of critically ill patients related to the observation that not only local insults (such as peritonitis, abdominal surgery, ileus, volvulus and pancreatitis), but also systemic conditions such as massive fluid resuscitation, polytransfusion, hypothermia and severe coagulation disorders are critical determinants of IAH [3, 4] . In cardiac surgery, both cardiopulmonary bypass (CPB) and off-pump procedures are associated with factors potentially predisposing to IAH [11] [12] [13] . Compromised bowel capillary endothelium by ischaemia-reperfusion, inflammatory mediators injury or splanchnic hypoperfusion may enhance third space losses and cause IAH.
Despite the high frequency of these predisposing conditions, the incidence of IAH in cardiac surgery remains unclear, and the risk factors for IAH in cardiac surgery are poorly understood [14] .
The aim of the present study was to analyse IAP variations and to identify their promoting factors in patients undergoing cardiac surgical procedures.
MATERIALS AND METHODS

Patients
The local ethics committee approved the study protocol, and all patients gave their informed consent. Over a 3-month period, patients >18 years old, undergoing elective cardiac surgical procedures in general anaesthesia and admitted for >24 h in ICU were enrolled. Exclusion criteria were: contraindications to intravesical pressure measurement (neurogenic bladder, haematuria etc.), minithoracotomy, chronic renal failure requiring haemodialysis, an IAP value ≥12 mmHg at baseline, and participation in other clinical trials.
Anaesthesia
Oral premedication was administered with lorazepam (1 mg) on call to the operating room. Anaesthesia was induced with diazepam (0.1 mg/kg), fentanyl (3-5 mg/kg) and sodium thiopenthal (2-4 mg/kg). Muscle relaxation was achieved with cis-atracurium (0.1 mg/kg). Thereafter, anaesthesia was maintained with sevoflurane (1-1.5 minimum alveolar concentration), fentanyl (15-20 mg/kg total dose) and cis-atracurium (0.08 mg/kg/h). During CPB, anaesthesia maintenance was performed with sodium thiopenthal (5 mg/kg), followed by midazolam (5 mg) or propofol (60-100 mg/kg/min) on rewarming.
Cardiopulmonary bypass and off-pump procedures management CPB was carried out with an open system and non-coated CPB lines and oxygenator (D 903 Avant, Sorin Group, Italy). Cardiac arrest and protection were achieved by means of intermittent hyperkalemic cold (8-10°C) blood cardioplegia. CPB temperature was maintained at 34-35°C. Prime volume was composed by ringer solution (50%), 18% mannitol solution (8%), Thamesol® (LDB Laboratori Diaco Biomedicali, Italy) (12%) and colloids (30%), for a total volume of priming of 1200-1500 ml. Target haemoglobin levels were >7.5 g/dl. In off-pump procedures, leg elevation and fluids administration (0.9% saline solution or 6% hydroxyethyl starch 130/0.4) were performed to maintain cardiac preload. When hypotension or low cardiac output persisted despite circulating blood volume optimization, vasoactive drugs or inotropic drugs were administered. Target haemoglobin levels were >8 g/dl.
In both on-and off-pump procedures, a cell-salvage device was used and salvaged blood was reinfused to the patient before the end of surgery. At chest closure, morphine (0.1-0.15 mg/kg) was administered for early postoperative analgesia.
Respiratory weaning
Upon ICU admission, patients were mechanically ventilated with pressure-controlled ventilation (tidal volume 5-8 ml/kg, PEEP 5 cmH 2 O, respiratory rate of 10/min), adjusted to maintain normocapnia. When patients achieved extubation criteria (awake and cooperative, fully rewarmed, haemodynamically stable, with blood gases within the normal ranges), extubation was accomplished. Chest tubes were removed when drainage was <10 ml/h for at least 4 h, which generally occurred within 24-48 h.
Data collection
For each patient, demographic data (age, sex and BMI), preexisting comorbidities and kind and duration of surgical procedure were recorded. Intra-abdominal pressure (IAP), mean arterial pressure (MAP), central venous pressure (CVP), PaO 2 /FiO 2 , pH, PaCO 2 , haemoglobin, haematocrit, platelet count, bilirubin, creatinine, fluid replacement (blood components, colloids and crystalloids), urine output, total fluid balance, ileum, use of vasoactive drugs, Risk, Injury, Failure, Loss and End-stage kidney failure (RIFLE) classification and Sequential Organ Failure Assessment (SOFA) score were collected at five time points: after anaesthesia induction (baseline value), and 2, 6,12 and 24 h after surgery (time points 0, 1, 2, 3 and 4, respectively). Length of ICU stay and duration of mechanical ventilation were also recorded.
Definitions and intra-abdominal pressure measurement technique
Acute kidney injury (AKI) was defined according to the risk class definition of the RIFLE criteria [15] . Liver dysfunction was defined as a bilirubin value >2 mg/dl [16] . IAH was defined as a sustained or repeated elevation of IAP at or above 12 mmHg [1] , in at least two consecutive measurements.
IAP was measured via a Foley bladder catheter, according to the standardized technique [1, 2] . A three-way stopcock was connected to a pressure transducer attached to a standard invasive pressure measurement device. A 16-gauge needle-less cannula was inserted into the sampling port of the urinary drainage tubing and the needle removed, using an aseptic technique. The cannula was attached to the stopcock via pressure tubing. After flushing the system with saline and zeroing it at the level of the mid-axillary line at the iliac crest, the urinary drainage tubing was clamped immediately distal to the sampling port. The stopcock was turned off to the patient and the pressure transducer, and 25 ml of sterile saline was aspirated from the IV bag and instilled into the bladder. Then the stopcock was turned off to the syringe and IV tubing. After a stabilization period of 30-60 s to allow for equilibrium to occur, with the patient in the complete supine position and after ensuring that abdominal muscle contractions were absent, IAP was measured at end-expiration on the bedside monitor [1, 2] . After IAP determination, the clamp was removed, the bladder allowed to drain, and the volume of saline utilized subtracted from the patient's urinary output for that hour.
Statistical analysis
Continuous normally distributed data are expressed as mean ± confidence intervals (CIs) and compared by using unpaired Student's t-test or two-way analysis of variance for multiple comparisons. Non-normally distributed data are expressed as median and 25-75% inter-quartile range and compared using the MannWhitney U-test. Categorical data are expressed as the number of events and percentage and compared using χ 2 (when the number of observations was >5) or the Fisher's exact (when the number of observations was <5) tests. A logistic regression analysis was performed with IAH as the dependent outcome variable. Potential promoting factors with a P-value of <0.10 in univariate analysis and a prevalence of at least 10% in the IAH group were included in the model. Multivariate analysis results were summarized by estimating odds ratios (ORs) and respective 95% CIs. The power of the model was tested by the Hosmer-Lemeshow goodness-of-fit test. The effect of potential confounding factors was determined by introducing each factor independently in the final model and considering the variation in the model fit. To evaluate the role of each variable as an independent risk factor, all variables associated with IAH at the <0.05 level of risk in logistic analysis were introduced in a backward stepwise logistic regression model with an α to remove of 0.05. A Pearson's regression analysis was also performed to further clarify the association between variables. A receiver operator characteristic (ROC) curve was plotted to identify the threshold value of IAP at baseline that optimized variable sensitivity (the ability to identify true positives) and specificity (the ability to identify true negatives) for predicting IAH development. In all comparisons, a P-value of <0.05 was considered statistically significant. Data were analysed using a Statistical Package from Social Sciences (SPSS, release 5.0.1 for Windows, Chicago, IL, USA) software.
RESULTS
Of 76 enrolled patients, 7 were excluded due to an IAP value >12 mmHg at baseline. Thus, 69 patients were included in the final analysis. Twenty-two patients (31.8%) developed the IAH group. Patient and surgical procedure characteristics in the IAH and control groups are reported in Table 1 .
Intra-abdominal hypertension group vs control group
In univariate comparisons, no differences were found with regard to age, gender, comorbidities and type of surgical procedure. In the IAH group, duration of surgery was longer and more patients underwent on-pump procedures, while CPB duration did not differ between groups (Table 1) . Baseline values of IAP were significantly higher in patients who subsequently developed IAH, when compared with those who did not (8.2 ± 1.7 vs 6.6 ± 1.4 mmHg; P = 0.0001) (Fig. 1) . IAP values peaked at 2 h after surgery and remained significantly higher in the IAH group compared with the control group, throughout the whole study period (Fig. 1) .
No differences were found in MAP between groups, while CVP was significantly higher at time points 2 and 3, and fluid balance at time points 2, 3 and 4 in the IAH group when compared with the control group. The number of patients requiring vasopressors was significantly higher in the IAH group in all the measurement time points, starting from time point 1 (Fig. 2) . Lung function did not differ between groups, while in the IAH group, renal function worsened on time point 4, and liver function worsened on time points 3 and 4. Platelets count was not different between groups (Fig. 3) . AKI was more frequent in the IAH group (36.3 vs 12.7%; P = 0.03). Significantly longer mechanical ventilation duration and ICU length of stay were observed in the IAH group (12 ± 6 h and 3 ± 1 days, respectively; P < 0.001), when compared with the control group (6 ± 3 h and 2 ± 1 days, respectively; P < 0.001).
Promoting factors of intra-abdominal hypertension
In the logistic regression model, baseline IAP values, CVP values, use of vasoactive drugs, fluid balance, AKI, CPB, total SOFA score and age were all promoting factors for IAH development. In the stepwise analysis, baseline IAP value was the strongest independent predictor of IAH, followed by CVP, and positive fluid balance ( Table 2 ). The ROC curve analysis obtained by plotting the presence or absence of IAH vs the IAP baseline value showed an AUC of 0.75 (SE 0.064; 99% CI 0.62-0.87; P < 0.0001). The best cut-off value was at 8 mmHg, with a sensitivity of 63% and a specificity of 76%. Significant positive correlations between IAP and fluid balance (y = 137.7x + 223.81; r = 0.4548; P < 0.0001) and between IAP and CVP (y = 0.3312x + 7.0063; r = 0.3881; P < 0.0001) were observed (Fig. 4) .
On-pump vs off-pump group
Comparing patients who underwent CPB (on-pump group) with those who underwent off-pump procedures (off-pump group), in the on-pump group the use of vasoactive drugs was significantly higher at each measurement point, and fluid balance was significantly higher at time points 3 and 4, while IAP was higher at time points 1, 3 and 4 (Fig. 5) . The linear regression analysis between fluid balance and IAP variations showed a strong positive correlation between IAP changes and fluid balance in the on-pump group, whereas no relationship was found in the off-pump group (Fig. 6 ).
DISCUSSION
IAH develops in one-third of cardiac surgery patients and is already evident 2 h after the end of surgery. IAH is strongly associated with baseline IAP and CVP, and a more positive fluid balance. A direct relationship between fluid balance and IAP is particularly significant in patients undergoing CPB. Moreover, IAH is associated with a higher occurrence of postoperative AKI and longer duration of mechanical ventilation and ICU stay.
Although cardiac surgery patients exhibit most of IAPpredisposing factors identified in other patient populations, knowledge about IAH in cardiac surgery is still scarce. The only available data [12, 17] , showed IAH in 44% of patients undergoing CPB for coronary artery bypass grafting. In that report, IAH was dependent on the degree of normovolemic haemodilution [12] , and was related to body mass index and CVP [17] .
Besides injury or disease involving the abdomino-pelvic region, other conditions have been associated with IAH. In surgical and medical patients, IAH may develop following intense volume resuscitation, with consequent acute ascites and splanchnic visceral [17] . Several authors have found a strong correlation between positive fluid balance and increased IAP in surgical and trauma patients [8, 10] , and net fluid balance has been recognized as the only causative factor of abdominal compartment syndrome in critically ill surgical patients [18] . In a recent study, cumulative fluid balance and shock were the main independent predictors of IAH [7] . On the other side, a negative fluid balance, obtained by means of aggressive ultrafiltration, has been recently proposed among the conservative strategies to decrease IAP in patients with IAH [19] . The results of the present study corroborate these findings and suggest that also in cardiac surgical patients, a positive fluid balance is a strong causative factor of IAH.
ORIGINAL ARTICLE
The association between IAP variations and fluid balance was statistically significant only in patients undergoing CPB. Comparing this group to off-pump patients, it can be noticed that the relationship between fluid balance and IAP variation is steeper, i.e. at the same fluid balance, CPB patients present larger IAP variations than the off-pump group. Therefore, CPB plays a critical role in this relationship. CPB produces a generalized and vigorous inflammatory response that, associated with splanchnic ischaemia-reperfusion, may compromise bowel capillary endothelium, promoting third space losses [20] [21] [22] [23] [24] . Moreover, the initiation of CPB results in decreased colloid osmotic pressure, which leads to an increase in microvascular permeability, and subsequent hypothermia and rewarming, with the release of substances causing vasoconstriction at the microcirculatory level and the gut mucosa, which may further lead to bowel oedema. Therefore, a first hit represented by CPB increases permeability that, if associated with positive fluid balance, may promote gut oedema and increase in IAP. IAH, by raising CVP, may further decrease lymph outflow (lymph oedema) IAH occurrence produces deleterious effects on organ function. The clinical impact of IAH in the present study is evidenced by the worst renal and liver parameters in IAH patients. Biancofiore et al. [8] reported a linear relationship between IAH and severity of decreased kidney function. Dalfino et al. [7] studied 123 consecutive patients admitted to a general ICU for at least 24 h, finding that an IAP of 12 mmHg was the best cut-off value for AKI, defined using the RIFLE classification. In this cohort of unselected ICU patients, IAH also was an independent risk factor for the development of AKI (OR 2.44). Renal impairment in IAH is considered a multifactorial process, related to haemodynamic, endocrine and local effects. Direct hydrostatic effects by mechanical compression, increasing renal vascular resistance, coupled with a decrease in cardiac output are the most likely causes. Similarly to multiple organ failure patients [3] , due to the association between IAH and postoperative AKI, in cardiac surgical patients the presence of IAH should be carefully evaluated in patients at risk of renal injury.
Together with the need for more vasopressor drugs, all this might have been responsible for longer mechanical ventilation duration and ICU stay in patients with IAH. Moreover, Dabrowski et al. [25] have found a strong, inverse relationship between IAP and coronary arterial perfusion pressure, measured as the difference between MAP and pulmonary capillary wedge pressure.
Interestingly, the baseline value of IAP differed between IAH and control groups. The IAH group presented higher, albeit within the normal range, values of baseline IAP, to indicate a reduced opportunity to face increases in abdominal volume, without developing IAH. Therefore, the baseline value of IAP may be a precious and early warning parameter for IAH occurrence, and patients identified as at high or moderate risk for IAH should be accurately assessed before and after surgery. This may be a critical issue, since IAP monitoring is not continuous and not frequent in cardiac surgical protocols. IAP monitoring and early diagnosis of IAH could improve prognosis, avoiding the occurrence of organ failure.
This study has several features that may limit the generalizability of the findings. First, the patient sample was not large enough to compare the predictive value of all the known potential promoting factors of IAH, and we cannot exclude the potential role of uncontrolled confounding variables; however, it is encouraging that our findings do not conflict with previous studies on the same subject. Secondly, it may be difficult to exactly discriminate the individual role of IAH and CPB, since a high number of IAH patients had undergone CPB. However, although predictive in binomial analysis, CPB lost its association with IAH in the stepwise analysis. Moreover, the two factors may not be mutually exclusive, but may interact each other, and IAH may be one critical factor conditioning clinical outcomes in on-pump patients. Finally, therapeutic interventions to reduce IAP were not investigated.
These findings encourage further studies to define the role of continuous IAP monitoring and therapeutical strategies to prevent the development of IAH in order to improve the clinical outcome of patients undergoing cardiac procedures.
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